Ebolaviruses, and the other viral causes of haemorrhagic fevers (VHF) have always posed special problems for diagnostic laboratories. These arise from the rarity of human infections, minimal documented experience with test delivery and interpretation, the paucity of established commercial or in-house assays, the lack of clinical material for test development and validation, the high level containment required for handling live virus, the ongoing evolution of the viruses, and the high personal and public health requirements for accurate diagnosis. This article addresses the current situation and the ongoing challenges associated with delivering timely, high quality and safe testing within Australia for people exposed as part of the current major outbreak of Ebolavirus disease (EVD) in Western Africa. The members of the Public Health Laboratory Network have developed deliverable and reliable nucleic acid detection tests, and also have the laboratory capacity to handle the live viruses if necessary. However delivering and maintaining these services necessitates high levels of experience in developing and applying tests for exotic and emerging infections, strong national and international links and collaborations, ongoing monitoring and reassessment of test design and performance, innovative approaches to generation of positive control material, and a regular quality assurance program.
BACKGROUND
Ebolaviruses, and the other viral causes of haemorrhagic fevers (VHF) with high mortality and the potential for person to person transmission, have always posed special problems for diagnostic laboratories. The current large Ebolavirus disease (EVD) outbreak in West Africa, with cases occurring in returning healthcare workers in a number of developed countries, has raised the level of concern and preparedness in Australia.
The VHF agents are all exotic to Australia and are classed at the highest biosafety level (BSL-4) and require the highest level of physical containment (PC-4). It was recognised in the 1990s that providing the necessary diagnostic support for both suspected and confirmed cases in a timely manner through the small number of PC-4 laboratories nationally was difficult or impossible. In 2002, the Public Health Laboratory Network of Australia pioneered and developed comprehensive guidelines that included a staged approach to testing for patients with suspected VHFs. These have been progressively upgraded 1 and allow laboratories to safely conduct testing, other than cultivation of the virus, within lower level and more widely available PC-3 or PC-2 laboratories. PC-4 level support for VHF-specific tests and for virus culture is available at a national level from the National High Security Quarantine Laboratory (NHSQL) at the Victorian Infectious Diseases Reference Laboratory (VIDRL) in Melbourne (Fig. 1) .
The other challenge faced is the intermittent and short-lived nature of previous outbreaks of EVD, which has meant that there has been very limited test development internationally, and even less information on test performance and interpretation. Also, in Australia test development has to be carried out without access to patient material and with tight regulatory restrictions on the importation and distribution of the Ebolaviruses within the country.
This article addresses the current situation and the ongoing challenges associated with delivering timely, high quality and safe testing within Australia for people exposed as part of the current major outbreak of EVD in Western Africa.
Ebolaviruses form a genus within the Filoviridae family (Fig. 2) 
as Makona, 3 which appears to have evolved from Central African strains as the virus spread to West Africa in non-human reservoirs over the last decade or more. 4 
DIAGNOSTIC TESTS FOR DETECTION OF EBOV

Virus culture
The filoviruses grow well in Vero and Vero E6 cell lines, although the cytopathic effect may be difficult to detect without passaging. 2 Cell culture is less sensitive than polymerase chain reaction (PCR) and can be performed only in a PC-4 laboratory, so it has very limited use for primary diagnosis. However, it is valuable for providing virus for sequencing (including whole genome sequencing) in order to determine the molecular epidemiology, to monitor changes that may affect the sensitivity and specificity of the nucleic acid detection tests, to guide further test development and to provide positive control material for test evaluation. The last includes the development of improved antigen detection tests and serological assays. Occasionally it may be used for sorting out unexpected positive PCR results, for example in cases occurring outside areas of known activity or where the illness is atypical; and for unusual situations where a false negative PCR is suspected, e.g., patients with a strong clinical and exposure history where the negative result may reflect a genetic variant or a faulty assay.
Viral nucleic acid detection PCR-based assays have now become both the standard and preferred method for the detection of EBOV virus. 5 Properly performed, they are the most sensitive tests, are highly specific, and can be performed safely in a standard laboratory environment. SUDV RNA has been found in a large range of body fluids and tissues in patients with symptomatic diseases, including blood, sweat, saliva, urine, semen and breast milk. 6 Blood is regarded as the single most reliable sample for detection and exclusion of EBOV infection. 5 A study under field conditions from the SUDV outbreak in Uganda in 2001 showed that RNA was present in the blood on the day of onset of illness, rose over the first 5-6 days of clinical illness and peaked around 3.5 Â 10 6 copies/mL in non-fatal cases and 3.5 Â 10 8 copies/ mL in fatal cases. However, it did not reach reliable detectable levels (10 5 copies/mL) until 72 h after onset of illness, so that a negative PCR in the first 72 h of illness does not exclude infection. 7 There are anecdotal reports of similar early false negative PCR results in the current EBOV outbreak. 8 Oral fluid is recommended 5 if a blood sample cannot be obtained. While it was shown to be as sensitive as serum for diagnosis in eight patients in the 2004 Republic of Congo outbreak, data are limited. 9 EBOV has been detected in ocular fluid by PCR and culture for at least 14 weeks, 10 semen by PCR for up to 101 days, 11 and it also has been reported in breast milk in the absence of detection in blood. 12 Transient low levels of EBOV have been detected by PCR (but not virus isolation) in asymptomatic patients in previous outbreaks, 13 but they have not yet been described in the current outbreak and are not believed to represent an infectious risk.
A number of targets and assays have been used for EBOV detection: those directed against NP, GP and VP40 gene sequences are species-specific and possibly lineage-specific while those directed at L gene sequences can detect all filoviruses.
14 So performance may vary according to the species of the ebolavirus, and not all published assays, 14 including some of those approved by the Food and Drug Administration (FDA) in the United States, have been assessed against the current outbreak strain. 15 For example, the two Centers for Disease Control (CDC) reverse transcription, real-time PCR assays directed at the NP2 gene and the VP40 gene were evaluated using the 1976 Mayinga strain, the 1995 Kikwit strain and the 2002 Gabon strain of EBOV. They performed well, but the sensitivity for the current Makona strain had to be assumed based on primer and probe sequence homology with the evaluated strains.
Ongoing genetic evolution of EBOV within the current West African outbreak may, of course, also affect assay sensitivity and specificity, 4 although there is no evidence of this happening as yet.
Interestingly, a separate small outbreak of EBOV in the Democratic Republic of the Congo in 2014 was due to a different variant of the virus (called Lomela strain), reinforcing the need to be aware of the potential for genetically different strains to emerge. 3 Provided that an appropriate process is used, filoviruses are inactivated during specimen extraction and lysis, 5, 16, 17 so that once extraction is performed and the external surfaces are decontaminated, further testing can be carried out at PC-2 level. 1, 5 The testing laboratory needs to verify that their extraction process is adequate to inactivate virus 17 and that appropriately high standards of laboratory practice are applied. 1 Due to the lack of availability of clinical samples for test development, the validation of the PCR assays in use internationally is based almost entirely on the use of live virus, gamma-irradiated inactivated virus, or target sequences incorporated into a plasmid. These are diluted in water or used to make mocked clinical samples by diluting in virus-negative specimens, to provide a technical validation of the assay. The limit of detection (LOD) may be determined in a number of ways, but the most meaningful is the level that can be reliably detected 95% of the time, which provides 95% confidence that a negative result on the test means that the level is actually lower than that. LOD may be reported as plaque-forming units (pfu)/mL (if live or inactivated virus is used) or copies/mL (if RNA target is used). Unfortunately there is a variable relationship between pfu/mL and copies/mL 18 and assay sensitivity may be affected by the type of specimen used. For example, using gamma-irradiated virus reduces the sensitivity of the assays.
During the Ebolavirus outbreak, the Royal College of Pathologists of Australasia (RCPA) Quality Assurance Program (QAP) Biosecurity program rapidly developed simulated specimens based upon RNA transcripts generated using T7 transcription in vitro and plasmids containing the nucleoprotein (NP), glycoprotein (GP) and L-gene fragments as nucleic acid test targets. The targets selected were known sequences from EBOV strain Mayinga (GenBank accession no. AF086833) and surveys were undertaken in April 2014 and November 2014, with eight participant laboratories. The laboratories used various combinations of these targets for the diagnostic PCRs.
A number of commercial kits for detecting EBOV became available during 2014 and 2015 and a number have been approved for emergency use by the US FDA. 15 These assays use a range of platforms and vary in sensitivity and, as for inhouse assays, participation in an appropriate external QAP is essential if they are used. None are yet licensed by the Therapeutic Goods Administration for use in Australia.
Hence, for the PCR assays in use:
1. they have not been validated to the standards usually expected, and we have no realistic likelihood of being able to do so, as access to clinical material remains very difficult; 2. there are a number of factors that influence the interpretation of the technical validation of these assays; 3. there is ongoing genetic drift in the circulating viruses that may modify target sequences and affect assay performance.
Therefore, laboratories undertaking PCR testing for Ebolaviruses should be experienced in the development and validation of assays for rare pathogens, and in the use of plasmid targets, UV inactivated materials and other mocked samples; as well as having links to national and international sources of patient material, and to other laboratories performing testing. The method chosen for diagnostic use should have been shown to have performed satisfactorily in a suitable external QAP that is conducted by an organisation with established expertise in generating samples for evaluation, such as the RCPA QAP Biosecurity program.
Ideally, the diagnostic PCR should be directed at more than one reliable target and should use primer and probes known to match all currently circulating strains. That requires ongoing monitoring of sequences of circulating virus, with modification of assays as required, and revalidation of assay performance.
Due to the high personal and public health impact of the diagnosis of EVD in Australia, all samples found to be positive or equivocal on PCR are treated as presumptive positives, but samples must be urgently referred to the National High Security Quarantine Laboratory at the Victorian Infectious Diseases Reference Laboratory in Melbourne, or to an appropriate overseas reference laboratory, for additional testing before this is confirmed. Furthermore, for the first case diagnosed in Australia, which is yet to happen, the result has to be confirmed in a designated overseas reference laboratory. 19 The interpretation of PCR results must take into account the nature and timing of the exposure and the clinical history, and the performance of the particular assay used. A negative PCR on blood collected less than 72 h after onset of illness is not currently regarded as reliable for exclusion of EBOV, 19, 20 although the WHO has accepted a shorter period of 48 h. 5 This may change in the future as test sensitivity improves and more technical and field use data become available.
For clearance of patients and determination of non-infectivity, testing for viable virus using a culture method may be helpful. However, cell culture is slow, relatively insensitive and has very restricted availability and it may miss low level viable virus. For those reasons PCR testing has been used as a basis for clearance of patients. Unfortunately, there is a lack of data about the correlation of low RNA levels with infectivity.
For a body fluid that has been shown to be positive for EBOV by PCR, it requires two PCR-negative samples collected at least one day apart for that sample to be declared non-infectious. 5 
Viral antigen detection
In-house antigen detection tests, mainly enzyme immunoassays, have been developed 14 but their poor sensitivity in field use compared with PCR, 6 ,21 their limited availability, and lack of validation data means that they have had very little use.
Antigen appears about 3 days post-onset and increases until death or, in non-fatal cases, persists for 7-16 days.
14 Very recently, a rapid immunochromatographic dipstick immunoassay point-of-care test (ReEBOV Antigen Rapid Test Kit; Corgenix, USA) that detects the VP40 antigen has been listed by the World Health Organization. 22 It has a reported sensitivity of 91.8% and a specificity of 84.6% compared with PCR, and is intended for presumptive testing of symptomatic individuals, particularly in outbreaks in resource-poor settings without ready access to PCR-based tests.
ANTIBODY DETECTION TESTS
Antibody detection tests have a limited role in the early diagnosis of suspected cases as serological responses are too delayed or entirely absent, particularly in the sicker (and more infectious) patients. IgM usually appears within 1 week of onset, peaks at 2-3 weeks, then persists for 60-80 days. 21 IgG persists for years and has been detected more than 10 years after onset, 23 but it is not known whether this indicates immunity to further infection. Neutralisation tests, if available, must be performed in a PC-4 laboratory and are generally reserved for research purposes.
CONCLUSIONS
Laboratory diagnosis of infections due to Ebolaviruses has posed a number of challenges to laboratories within Australia and internationally due to the containment requirements for these viruses, the lack of patient material for test development and validation, the evolving nature of the virus, and the limited clinical data to assist test interpretation.
Despite these difficulties, the availability of reliable and timely testing capacity within Australia is essential, and has required innovative approaches to test development and evaluation. Under those circumstances, it is important that testing is conducted within highly experienced laboratories using a range of methods of test validations and accompanied by a rigorous quality assurance program, with regular review and revalidation.
